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ABSTRACT

The persistent occurrence of systematic errors of barotropie forccasts over mountainous areas is strongly sug-
gestive of significant effects of mountains and frietion which have not been included in the previously used forecast

models.
mountain effect and a surface friction effect.

This study reports on experiments with a new bharotropic forecast model which contains an improved
For computation of the surface stress depending on the wind and

on the terrain, a hemispheric map of the drag coeflicient is obtained.
The results of tests of the forecast model on an initially zonal flow, and on ten observed meteorological situa-
tions, indicate that the effects of terrain on the evolution of atmospheric flow patterns can be of large magnitude,

and can account for significant crrors in numerical prediction.

Some suceess at accounting for these effects is at-

tained with the barotropie representation of the atmosphere.

1. INTRODUCTION

In considering the errors ol daily barotropic forecasts,
one is impressed with the high [requency of oceurrence
of certain characteristic errors. Some of the most pro-
nounced of these appear with regularity on monthly
means of the barotropic errors. One well-known type is
associated with frequent cyclogenesis along the east
coasts of Asia and North America, and appears as a
positive mean algebraic error over these arcas during the
winter season. Efforts are under way in many research
centers to improve our ability to forecast cyclogenesis.

Another frequently observed error is lound over western
North America, and consists of a tendency to forecast
too strong winds in the jet stream as well as a tendeney
to forecast too low heights of the pressure surfaces.
Although it is not clear a priori that these errors are
directly topographically induced, since a mountain effect
is included in the barotropic forecasts (Cressman [4]),
the high dependability of these errors has led us to a re-
examination of the orographic influences in the framework
of the barotropic forecasts.

Figure 1 is a characteristic monthly error chart showing
these errors. The negative error appearing over north-
western Canada and southeastern Alaska appears on
practically every monthly error chart, its strength ap-
parently depending on the speed of the westerlies.

2. RISING AND SINKING OF AIR OVER
THE MOUNTAINS

The customary method of including mountain effects
in numerical prediction consists of imagining that the
atmosphere extends everywhere to 1000 mb., but that a
vertical motion is induced at the lower boundary accord-
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ing to the flow of the fictitious 1000-mb. wind up or down
the slope of the actual terrain, i.e.

wo=V.V p, )

where w, is dp/dt at the lower boundary, V, is the 1000-mb.
wind, and p, is the standard pressure at the surface of
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Fratre 1.—Mean 500-mb. chart (solid) and algebraic mean error of
48-hr. 500-mb. forecasts (dashed) for December 1959.
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the ground. The version of this mountain effect used
at the Joint Numerical Weather Prediction (JNWP)
Unit further supposes that the vertical velocity mmposed
by this effect falls off from w, at p, (1000 mb.) to zero at
the pressure p==0, giving a 500-mb. vorticity tendency
due to the mountain effect, (3¢/0t),,, of

ofy _ ) o
< po(v YV Pe)s (2)

where 5 is the absolute vorticity at 500 mb. and V is the
500-mb. wind. It has furthermore been assumed that
V,=V/5 since no information exists on winds other than
at 500 mb. in the barotropic forecast.

The mountain effect represented by equation (2) has
proved quite ineffective in practice, giving as a contribu-
tion to the 500-mb. height changes only a {ew decalcet in
24 hours. This mountain effect clearly underestimates
the actual atmospheric effect. A more adequate repre-
sentation of this effect would take account of the fact that
at higher elevations than sea level, the vertical velocity
decreases upward from the standard pressure at the ground
(pe), and that the wind speed at ground level would be
higher than at a fictitious 1000-mb. surface. Conse-
quently, in this study an improved mountain effect is

used, namely
o8 _< " ) e :
<at>m— Pe— D1 Ve Vo )

where p, represents the pressure at a mean tropopause,
i.e., 200 mb., and V, represents the wind at ground level.
This is obtained by supposing that V,=V/5, and using the
interpolation formula

V.=V [1—0 8 <7’g50‘300>] (4)

if p, is expressed in millibars.

In making calculations with this mountain effect, the
values of p, used were taken from the paper by Berkofsky
and Bertoni [3].

3. INCLUSION OF SURFACE. FRICTION

The components of the surface stress (r,, 7,) are related
to the ageostrophic mass transport (M,, M,) by the rela-
tions, as given by Holmboe, Forsythe, and Gustin [7], for
example,

ro=fM,
ry——fM,

?)

If we solve for the mass divergence in the [riction layer and
introduce the equation of continuity we obtain the well-
known expression for vertical velocity oy (actually
(dp/dt) at the top of the friction layver,

071: 07y
oy oz

(6)
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Various opinions have been presented regarding the
most suitable expression [or the surface stress as a function
of the surface geostrophic wind speed. Mintz [12] favors
a linear relationship, whereas the data presented by Taylor
[22] and by Lettau [9] suggest that the surface stress is
more nearly proportional to the square of the wind speed,
according to the expression

T:depVHZ (7)

where p is the density and €y is the skin drag coefficient.
We will understand Vg as the wind at the top of the fric-
tion layer, or the geostrophic surface wind.

Lettau [10} has presented a remarkable analogy between
flow in conduits and flow in the atmospheric boundary
layer, supporting the use of equation (7), at least for large-
scale flow. In view of the fact that C; varies markedly
with changes in the static stability, equation (7) and even
the concept of drag coeflicient, might not be especially
uselul {or small-scale studies or for forecasts of short time
range; ¢.g., 12 hours. However, since barotropic forecast-
ing is concerned with large-scale atmospheric motions ex-
tending over periods of several days, the relation described
by equation (7) was selected for use in this study.

In order to incorporate {riction into the forecast in any
scale of motion smaller than the zonal vortex itself, it is
necessary to have a map of the distribution of the drag
coefficient over the forecast area, in this case the Northern
Hemisphere. Although maps of this type do not appear
in the literature, a large number of both empirical and
theoretical determinations of surface stress and drag co-
efficient have been made by various investigators. A num-
ber of these will be considered below. In the discussion
of numerical values we shall try to discriminate between
the drag over flat land or over ocean and the [orm drag of
the large-scale relief of the earth’s surface. For this pur-
pose we can consider that the drag coefficient € is made
up of two partial drag coeflicients, C; and C;, where (,
will be used to give the form drag of the relief, and €,
is relatively constant.

Sawyver [14], following an earlier treatment by Scorer
[15], has computed the drag of a mountain ridge by con-
sidering the net downward transport of momentum by the
gravity oscillations set up in the flow over the ridge. His
equation for drag is well suited for computation of numeri-
cal values of (.. For example, with ridges 300 m. high
spaced at 10-km. intervals, (;,=0.15<107%  This might
correspond to the Appalachian Mountains in the eastern
United States. Extending the same treatment to ex-
tremely rough mountains, 3 km. high, spaced 80 km.
apart, we find (,=0.8510"2. This could correspond to
the roughest places in the Rocky Mountains or to some
areas of Tibet.

It seemed desirable to have for use in this study a rela-
tively simple method for determining the form drag of
the mountains, more specifically, C;, at a large number of
places, having available only the information contained
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Frgure 2.-—Hemispheric map of drag cocfficient.

in topographical charts. This was done as described in
the following paragraph.
The total force exerted on the atmosphere by the moun-

tains, F, in a given square of side d, can be written as

. 1 . I

F—K(nhd) (5 oV 5>=d27:d262 It )
where n is the number of mountain ridges of height A

running across a grid square perpendicular to the wind,
and K=FEV?/Vf, where V is considered to be the wind

TasLE 1.—Drag coefficient values from wind observations

Worker ‘ Drag Remarks
coeflicient
Arkhangelsky [1] -______. boax10-s Mountains of moderate height in East Siberia.
Seeliger [16] bo3X1073 Northern Germany.
Bauwmngartner (2] ! 2X1073 Munich Forest.
SButelitfe {20)___. 1.7X1073 England (*fassume 17,/1,=0.5).
}Svi{drulg] (1235 —— i }Zéig*; fﬁr@tiq ice.
ettau 8] oL oL — eipzig.
Lettau [9] . - .- | LIX1078 | O'Neill, Nebr.
Halstead et al. [6) | L1X1073 College Station, Tex.
Sheppard and Omar [18].._1 1.1X10-2 Tropical ocean.
Suteliffe [20] ...~ .._____ 0.2X10-% | North Atlantic (*assume 1o/ V,=0.7).

*17,=Wind at anemometer height, 17,=Surface geostrophic wind.
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speed at the approximate height 2/2 and K is an efficiency
number representing the efficiency of the®mountains in
blocking the flow. In determining the form drag ol ob-
jects much smaller than mountains, one normally subjects
them to a channel or wind tunnel test. Since this was not
possible here, it was necessary to estimate K by other
means.

In this case empirical data are available from compu-
tations of the mass transport of air across surface isobars.
Additionally, several actual measurements of surface stress
by drag plates have been made. However, no data are
available for very mountainous regions. We will therefore
include the calculation from Sawyer’s equation for this
purpose. Considering that Co=C,— (), we obtain from
the literature the following values for different types of
relief:

(a) land with trees or with some low relief, (,=0.1

to 0.2 X102

(b) moderately high mountains, (3=0.2 to 0.5>{107*

(¢) very high mountains, (£=0.5 to 0.9>(107*
A sampling procedurc was employed in which values of
n and kb were determined from detailed acronautical charts
at a number of points. From measurements of n and of
b (equation (8)) it was observed that a value of 1/4 for K
would give approximate agreement with the typical values
of ¢, cited above. The sampling was then extended,
using K=1/4 until it was possible to sketeh a hemi-
spheric map. '

In considering the most appropriate value for €, which
should apply to very flat land or to oceans, it was found
that a widespread agreement exists in the literature, with
the exception of baroclinic westerlies over oceans where
special problems associated with thermal gradient arise
(Sheppard et al. [17]).  An average value from the various
mass transport calculations gives (7,=0.12107% The
hemispheric map of €, shown in figure 2, is the result of
adding (' to the hemispheric distribution of % The
selection of independent determinations of drag coetficient
is presented in table 1.

Mintz [11] has published a preliminary study in which
the surface stress was determined by consideration of the
lack of balance between the two sides of a simplified form
ol the vorticity equation. The values ol surface stress
which he computed at twelve different locations are about
two to five times larger than could be obtained from the
drag coefficients reported in table 1. Mintz stated in the
same study that he preferred to study possible sources of
error before proceeding further. 1t is hoped that after
doing so he will extend his calculations by the povel
method he employed.

It is of interest to examine the values of surface stress
obtained by wvarious workers investigating the general
circulation. From Palmén’s [13] value of zonal surlace
stress we obtain 0; = 0.18 X 1072 by assuming Vg = 7 n.
sec.”! Palmén obtained his value from calculation of the
“meridional mass transport, using data from stations at 10°
to 20° N. Starr and White {19] have given an estimate
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Froure 3.—Profile of 500-mb. zonal winds for January. Vertical
lines indieate approximate latitudes of highest terrain.

of the normal average drain of angular momentum north
of 31° N., due to surface friction. This can be used to
compute an average surface stress over this area by inte-
grating the equation for the torque exerted on a zonal
strip of the carth by the atmosphere, with the surface
stress assumed constant.  I[ we further assume an average
value of ¥V = 7 m. sec.™, as in the case of Palmén’s data,
we obtain an average drag coefficient €y = 0.23 > 107,
These data can be used to check the drag coefficients of
figure 2. These values, at the grid points, were weighted
by the areas of the grid squares and averaged, giving
(1= 0.22 X 107% for the entire area (Northern Hemi-
sphere north of 15° N.).

The close agreement between these three values is partly
fortuitous, and cannot be interpreted too literally, due to
the approximations made in interpreting the results of
Palmén and of Starr and White, particularly in the guess
made for Vi in each case.

The (riction effect is then incorporated into the baro-
tropic lorecast in a way similar to the mountain effect
(equation ) (3)), giving a vorticity change, arising from

friction, (0¢/ot);
af) nwWy
Oy, 1%H 0
<at r PP ©)

In the caleulation of wy, the lateral variations of C; have
been taken into account. The equation suitable for this
is obtained [rom substitution of equation (7) into equation
(6), giving the form

a T 9 a 5T o .
wH:Pjg [&; (Cou N2 +0?) Y (Cor P+ z‘z)] (1o
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Fravre 4.—Deviations (in decafeet) from zonal flow in 48-hr. forecast obtained by including thountain effeet but no friction in forecast

model.

where % and » are the components of Vy of equation (7),
taken to be the same wind as the V; of equation (4}.

Both mountain and friction effects were then incorpo-
rated into the barotropic model described by Cressman
[4] in the form

un Y, () | (08
(% m+($ —0 b

of

where ¢ is the stream function. Since the 500-mb. wind

The highest terrain areas are shaded.

is represented by a stream [unction, it would be more
correct, strictly speaking, to usc a standard value of f
as the coeflicient of the divergence terms, as shown by
Wiin-Nielsen [23]. However, the unbalance of the
vorticity budget for the entire area resulting from the use
ol 7 as a cocfficient in the non-friction terms was deter-
mined by numerical experiment to be about 1 percent in a
3-day forecast. Consequently, it appears that the form
of the coefficient, at least in this model, must be deter-
mined by other than vorticity budget-balancing argu-
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FigurE 5.——Deviations (in decafeet) from zonal flow in 48-hr. foree

ments. No other study of this question was made here,
and the question is regarded as unresolved, but probably
of small importance.

The computation of the forecasts was made over the
1977-point grid of the Joint Numertical Weather Pre-
diction Unit in 1-hour time steps. The time required
on the TBM 704 for advancing one time step is about 35
seconds without friction and about 55 seconds with friction
included, depending to some extent on the time ol the

ast obtained by including friction effect but no mountains in forecast
model.

vear, sinee the number of scans required for solution of
the Helmholtz equation (11) depends on the vigor of the
atmospheric activity.

The time involved in the calculations was shortened
by setting Cy to zero at all eceanic points. The calcula-
tion of wy (equation (10)) was then by-passed when all
relevant values of (', were found to be zero. Comparison
of the 48-hr. forecasts made with and without this extra
approximation showed no significant change introduced
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FiGure 6.- -Deviations (in decafeet) from zonal flow in 48-hr. foreeast introduced by combined mountain and frietion effects.

by it in either the zonal wind profile or in the local height
changes. However, one should be careful not to extend
this conclusion for application to more complicated
models than the barotropic.

4. FORECASTS WITH A ZONAL WIND BELT

In order to obtain an idea of the magnitudes of the
mountain and friction effects, a series ol barotropic
forecasts was made in which the initial data consisted of
a set of arcular stream lines at 500 mb. coincident with

the latitude cireles.  The zonal profile of the initial data
corresponds to the normal hemispheric zonal profile for
January, and is shown in figure 3. This gave an un-
realistic distribution of westerlies to the extent that the
normal January winds tend to detour around the highest
land masses, particularly in Asia.

For a control, a 72-hr. forecast was made without either
mountains or [riction. Any forecast changes would be
erroneous, representing the effects of boundary and
truncation errors. The maximum change observed in
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Frcure 7.~—Initial 500-mb. chart for 1200 aemT, April 2, 1960.

this forecast was 20 feet, indicating that the changes
introduced into subsequent forecasts by mountain and
friction effects were real.

Next, a 48-hr. forecast was made in which the effect
of mountains, (0¢/0t),,, was included, but in which the
effect of friction was excluded. The disturbances which
developed on the initially zonal flow are shown in figure 4.
Examination of this figure reveals that the eflect of the
mountain terms is to turn the flow to the right, with the
downwind fall centers having about twice the amplitude
of the upwind rise centers.

MONTHLY WEATHER REVIEW
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Dashed linc encloses area over which verifications were computed.

The result of making a 48-hr. forecast in which the
mountain term was excluded and the friction term in-
cluded is shown in figure 5. The chiel impression ob-
tained from this figure is that of a retardation of the
zonal flow over the roughest areas of figure 2. Gencrally
speaking, there appears to be a diversion of the flow
around the roughest areas.

Figure 6 shows the result of including both mountain
and friction terms in the lorecast. In this map the fall
east of the Asian Plateau is considerably smaller than
shown in figure 4. The formation of a jet stream flowing
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Ficure 8.—Verifying 500-mb. chart, 1200 amT, April 4, 1960, for forecast made from figure 7.

from the southwest over southeastern Asia and Japan by
48 hr. (particularly if one adds mentally the initial zonal
flow) is suggestive of the well known jet stream observed
to form in that region. Also, the ridge appearing over
the Rocky Mountains with the flow from the north on
the east side of the mountains resembles the perturba-
tions on the normal charts.

5. FORECASTS WITH METEOROLOGICAL DATA

A series of forecasts was made using initial data from

ten different days, four from April 1960, and the remaining
selected at random. From cach set of initial data, two
48-hr. forecasts were made—one with mountain and
friction effects excluded and one with these effects in-
cluded. Verifications of 500-mb. geostrophic winds and
heights were made over a restricted area of North America,
(inside dashed line in fig. 7). A verification over the Asian
area would have been desirable but was not attempted
because of the tnadequate data over the Asian Plateau.
The verifications are presented in table 2.
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Freure 9.-—Iirror (in decafeet) of 48-hr. barotropic forceast from 1200 aymt, April 2, 1960, 500 mb., with no mountain or friction effects
included in model.

TaBLw 2.—Forecusi verificalions over Rocky Mouniain area

These verifications show a general trend toward 1m-
o

provement of the forecasts when mountain and [riction } ‘iRj?(‘)’].t;ﬂﬁ}“;‘.’ﬁ;fﬂ}};ﬁg&gg Rooi-mesi sauare ot
effects are included in the forceast model. Tn consider- Starting Time | Total | (KnO (fect)

ing the modest amount of error reduction, we should re- e (| wind "fn:L‘ s, | apa || Posist| | Mo | Mns.
member that, according to the well-known rules of statis- ‘ fore- | orrie- | fric- L‘:{;é or fric- | ric-

tics, the effect on the total root-mean-square error ol o= T e ol sl mol w1 5o
removal of one of several error sources of about equal  jus.12 1650, - o fjj\ Bl 33 WLy el de) 1
importance is relatively slight. ~ Also, due to the fact that Jan. 16 1. 00| A oaLel SR Lol 3w 33 s04
the forecast model is simple (barotropic) and the surface  fep. 4, b W Sa oma 20 229 ) 832 o
winds are obtained by a guess, the friction and mountain Abr. 4, 1960.... P+ I B B S | - B a5
effects computed in these forecasts represent only an  APRZ 19600 001 LT | L8] 28| 0.4 300 23| 267
approximation to the actual atmospheric processes. _ Mewhooo oo | 36T SM1] 23] 2L sM) sn %
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Figure 10.—Contribution of mountains_'and friction to 48-hr. forecast from 1200 amT, April 2, 1960, obtained by subtracting 48-hr. fore-

cast made without mountain and friction effects from 48-hr. forecast made with both effects.

In order to see some of the results in greater detail, let
us consider two examples. In one of these, the Rocky
Mountain area was dominated by a ridge. In the other,
it was dominated by a trough. Furthermore, the height
verifications (table 2) showed an improvement in onc case
and a deterioration in the other as a result of the inclusion
of terrain effects,

The first of these, April 2—4, 1960, figures 7 and 8, shows
the intensification of a 500-mb. ridge over the Rocky
Mountains. The errors of the 48-hr. forecast made with-

(Labeled in decafeet.)

out terrain effects, figure 9, are unusually large for baro-
tropic forecasts at this time of the vear, indicating that
practically none of the ridge development was forecast.
The added forecast change from the terrain effects, figure
10, shows the reduction of error in the mountainous area
of western Canada by about 25 percent of the total error.
In investigating this case [urther, it was discovered that
the surface wind approximation used in the model gave a
surface (gradient level) wind of only half the observed
value at the initial time. If the surface wind approxima-
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Fraure 1. —Initial 500-mb. ehart for 0000 amT, April 23, 1960.

tion had been accurate, over hall of the large crrors over
North America would have been removed in this case.
The attempted correction of non-existent errors over
China in this case illustrates a special problem. The
objective analysis program (Cressman [5]) uses as a first
guess the 12-hr. forecast from the previous observation
time. This is made at present from a forceast model
having only an ineffective mountain term and no friction.
It tends to forecast too strong winds over the Asian
Plateau, as shown by an occasional late report received

lrom Tibet. As a vesult, the forecast-analysis system
tends to perpetuate this type of error in this area. Thus
when an analysis made by this system is used as initial
data for a forecast with realistic mountain and friction
offeets, too strong terrain corrections are obtained. We
should expect that when a feedback from a mountain-
friction forecast model is made into the analysis system
improved analyses showing weaker winds over the Asian
Plateau will result.

In the second example, April 23-25, 1960, the Rocky
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Fraure 12.—Verifying 500-mb. chart, 0000 amT, April 25, 1960, for forccast made from figure 11.

Mountain area was dominated by ecyeclonic flow. The
Low in the western States at the initial time (fig. 11)
moved slowly northeastward with filling (fig. 12). The
failure of the forecast without terrain effects to forecast
the filling is shown by the error chart of figure 13. The
contribution of mountains and friction, shown in figure 14,
produced a height change in the forecast very nearly equal
and opposite to the large error appearing in figure 13.
The fact that the root-mean-square height error of the
forecast was slightly increased by the inclusion of the
terrain effects runs contrary to expectations from looking

at the maps, and reflects the treacherous nature of un-
interpreted root-mean-square errors. Despite the verifi-
cation, one obteins an impression of a substantial
improvement gained by incorporating the terrain effects.

6. CONCLUSIONS

From the above study we conclude that combined
mountain and friction effects in the atmosphere are
responsible for large and recurrent forecast errors. The
action of terrain on the atmosphere is probably of equal
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Tioure 13.—Error (in decafeet) of 48-hr. barotropic forecast from 0000 amT, April 23, 19

importance with cyclogenesis in producing errors in the
current barotropic forecast model.
to removing a large part of these errors is the lack of an
accurate surface wind.

The inclusion of mountain and surface friction in more

The principal barrier
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in forecast model.

advanced forecast models appears to be absolutely neces-
sary. If this is not done, serious forecast errors will exist

through a deep layer of the atmosphere.
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60, with no mountain or friction effects included
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